Reversible phosphorylation has long been an attractive mechanism to control cycles of coat assembly and disassembly during clathrin-mediated endocytosis. Many of the coat proteins are phosphorylated in vivo and in vitro. Our work has focused on the role of phosphorylation of the 2 subunit of AP-2 (adaptor protein 2), which appears to be necessary for efficient cargo recruitment. Studies to probe the regulation of 2 phosphorylation demonstrated that clathrin is a specific activator of the 2 kinase, and, in permeabilized cells, cargo sequestration, driven by exogenously added clathrin, results in elevated levels of 2 phosphorylation. Furthermore, phosphorylated 2 is mainly associated with assembled clathrin in vivo and its steady-state level is strongly reduced in cells depleted of clathrin heavy chain. Our results imply a central role for clathrin in the regulation of cargo selection via modulation of phospho-2 levels. This is therefore a novel regulatory role for clathrin that is independent of its structural role and that provides elegant spatial control of AP-2 and cargo interactions, ensuring that AP-2 is only activated at the correct cellular location and in the correct functional context. Ongoing studies are exploring further the roles of reversible phosphorylation in the coated vesicle cycle.
Introduction
Most material internalized into eukaryotic cells follows the pathway of clathrin-mediated endocytosis. This includes essential nutrients, such as iron and cholesterol (bound to transferrin and low-density lipoprotein respectively), signalling molecules, such as growth factors, and immune complexes, and the pathway is also hijacked by pathogens for entry into the cell [1] . Coated pits are morphologically distinct areas of the plasma membrane that are distinguished by their bristle-like appearance in transverse sections of cells viewed by electron microscopy [2] . In freeze-fracture deep-etch images, coated pits appear as regular lattices [3] . In both cases, the morphology results from the polymerization of the protein clathrin from the cytosol on to the membrane. Many other proteins are involved in the assembly of coated pits and contribute to their increase in curvature or invagination, recruitment of cargo and subsequent scission to form coated vesicles [4] .
Coated vesicles can be isolated with relative ease from tissue such as brain and liver, and, after clathrin, the other major component of isolated coated vesicles is the adaptor protein, AP-2. AP-2 is a heterotetrameric complex consisting of two 100 kDa subunits (␣ and ␤2), a 50 kDa subunit (2) and an approx. 17-19 kDa subunit (2) [5] . As its name suggests, AP-2 acts as an adaptor that links cargo molecules that are to be internalized with the clathrin lattice. AP-2 also interacts with many other components that are implicated in coated vesicle formation, and, indeed, many of these components undergo a complex set of interactions with each other, suggesting that these interactions must be very tightly regulated in space and time during the vesicle cycle. Among these components are eps15 (epidermal growth factor receptor pathway substrate 15), epsin, endophilin, AP180 (assembly protein 180), auxilin, Hsc70 (heat-shock cognate 70) and Rab5, and the large-molecular-mass GTPase, dynamin, is required for the invagination and scission of coated pits [4] .
phosphorylation is required for endocytosis
Reversible phosphorylation has always been suggested as a plausible regulatory mechanism to control the assembly of coated pits and the subsequent disassembly of the coat from the vesicle following scission. Our research has addressed the question as to whether and how phosphorylation of 2 affects the activity of AP-2. Yeast two-hybrid analysis has shown that the 2 subunit of AP-2 recognizes specific internalization motifs in cargo molecules, such as the transferrin receptor, which have the following general consensus sequence (YXX⌽, where ⌽ is a bulky hydrophobic residue) [6] . Solution of the crystal structure of 2 complexed to peptides containing this motif indicated that tyrosine-based motifs bind to an extended groove on the 2 subunit [7] . Phosphorylation of 2 in vitro occurs on Thr 156 [8] , which is located within an exposed region of the molecule.
One of the approaches that we use extensively in our work to understand spatio-temporal interactions in the coated vesicle cycle is the reconstitution of different stages of the cycle in permeabilized cells [9] [10] [11] [12] [13] . For example, we can measure the sequestration of cargo (in this case, transferrin receptor) into deeply invaginated coated pits that form de novo in permeabilized cells [10] (Figure 1 ). This step is stimulated by the addition of AP-2 to the assay system. The availabil-ity of an assay that is dependent on added AP-2 allowed us to investigate the regulation of AP-2 function by phosphorylation.
We found that if 2 phosphorylation of the added AP-2 is blocked, then cargo sequestration is also blocked, suggesting that 2 phosphorylation regulates cargo sequestration. The role of 2 phosphorylation was confirmed in vivo by replacement of endogenous 2 with a mutant form of 2 where the single phosphorylation site, Thr 156 , had been mutated to an alanine residue. Cells expressing this mutant form showed a reduced rate of transferrin internalization [12] .
What does 2 phosphorylation do?
Our data indicated that 2 phosphorylation might have a role either in invagination or cargo recruitment, and several complementary studies indicated that 2 phosphorylation was likely to promote cargo recruitment. Using BiaCore approaches, Honing and colleagues demonstrated that phosphorylated 2 binds with a much higher affinity to peptides containing tyrosine-based internalization motifs compared with non-phosphorylated 2 [14] . AP-1 is related to AP-2 in subunit composition and is involved in clathrin-coated vesicle formation at the trans-Golgi network. Phosphorylation of its medium subunit, 1, similarly enhances its association with cargo [15] .
This begs the question of how 2 phosphorylation actually affects cargo sequestration. The structure of the AP-2 adaptor complex has been solved at atomic resolution, and, revealingly, the binding site for tyrosine-based peptides is partially blocked in the solved structure [16] . This suggests that one possible role for 2 phosphorylation would be to induce a conformational change in AP-2, revealing the cargo-binding site [17] . Alternatively, it has been suggested that AP-2 might undergo many different conformations to enhance the flexibility with which it is able to bind sorting signals [18] , and it is possible that 2 phosphorylation stabilizes some of these conformations, thus enhancing cargo-adaptor interactions.
Regulation of 2 phosphorylation
To pursue our interests in 2 phosphorylation, we investigated the regulation of the 2 kinase. The most likely candidate in vivo for the 2 kinase is AAK1 (adaptor-associated kinase 1), a kinase identified by a phage-display interaction screen using the C-terminal appendage or ear domain of ␣-adaptin as bait [19] . AAK1 is a serine/threonine kinase that belongs to the Ark/Prk family of protein kinases, which has been implicated in regulation of endocytosis and the actin cytoskeleton in yeast [20] . AAK1 is enriched at sites of endocytosis in vivo, and fractions from bovine brain that are enriched in 2 kinase activity are also enriched in AAK1 [14, 19] . Structurally, AAK1 may be divided into three main domains. It has an N-terminal kinase domain which is the domain of the protein with the strongest homology with the kinase domains of other members of the Ark/Prk family [20] . The middle domain has a high proportion of glutamine, proline and alanine residues. In general, sequences with this amino acid composition tend to be quite flexible and form so-called 'loopy' domains. The C-terminal domain of AAK1 contains motifs that allow interaction with other components of the endocytic machinery. These include DPF (Asp-Pro-Phe), NPF (Asn-Pro-Phe) and DLL (Asp-LeuLeu) motifs that have been demonstrated to interact with ␣-adaptin, EH (eps15 homology)-domain-containing proteins, such as eps15, and clathrin respectively [19] . Interestingly, however, the interaction of AAK1 with the appendage domain of ␣-adaptin has been shown to be via a novel ␣-adaptininteracting motif, WNPF (Trp-Asn-Pro-Phe) [21] . The presence of a DLL motif within the C-terminus of AAK1 suggested that clathrin, through binding of AAK1, might modulate its activity. In the first instance, we investigated this possibility by preparing a highly enriched fraction of the 2 kinase from bovine brain, and examined the levels of 2 phosphorylation over a range of AP-2 in the presence of increasing concentrations of clathrin. We found that clathrin acts as a competitive activator of 2 kinase, acting to reduce the apparent K m without having a significant effect on the apparent V max [13] .
Further studies in permeabilized cells allowed us to investigate whether clathrin also modulates phospho-2 levels under more physiological conditions. To pursue these studies, we generated antibodies that specifically recognize the phosphorylated form of 2. Using this reagent, we were able to demonstrate that clathrin can also modulate phospho-2 levels in permeabilized cells, and this modulation correlates with enhanced cargo sequestration. These results were strengthened further by studies in a chicken DT-40 B-cell line where clathrin can be ablated inducibly [29] . Under conditions where clathrin is expressed, a large proportion of the clathrin is found in an assembled pool, whereas AP-2 is distributed more evenly between the assembled and unassembled pools. Strikingly, almost all of the phospho-2 is found associated with assembled clathrin. Under conditions where clathrin expression is knocked-out, there is no change in either the distribution or level of expression of AP-2, but the level of phospho-2 is reduced dramatically, indicating that clathrin can also modulate phospho-2 levels in vivo [13] .
Mechanism of AAK1 activation by clathrin
Our investigations into clathrin activation of the 2 kinase were initiated by the presence of a DLL motif within the C-terminus of AAK1. However, we have generated recombinant wild-type AAK1 and a mutant form where the three residues in the DLL motif have all been mutated to alanine. Although mutation of the DLL motif does reduce binding of AAK1 to the clathrin terminal domain by approx. 50%, there is no effect on the activation of the enzyme by clathrin (A. Flett and E. Smythe, unpublished work). There are no other defined clathrin-binding motifs present within the sequence of AAK1, suggesting that the activation of AAK1 by clathrin must occur via a novel motif. This is consistent with other studies that show that clathrin activation of AAK1 occurs via multiple interactions [22] . Our model for the activation of the 2 kinase by clathrin is based on the idea that the kinase is closely associated with AP-2 in the cytosol and appears to be in a low-activity state. This could be because of an intramolecular interaction with a potential pseudosubstrate located at the C-terminus of AAK1. Many protein kinases are regulated in this manner [23] . Presumably activation by clathrin induces a conformational change such that this inhibition is relieved and the kinase becomes maximally active [13] . Our kinetic data are consistent with such a mechanism. If clathrin activates AAK1 in this manner, then the central loopy domain is sufficiently long and flexible to allow AAK1 to phosphorylate other 2 subunits within the coated pit.
Clathrin acts to regulate cargo recruitment
These results suggest that clathrin, in addition to its well-established structural role in coated pit assembly, also plays a key regulatory role in the coated vesicle cycle by ensuring that productive adaptor-cargo interactions only occur in the context of a coated pit. This reappraisal of the role of clathrin is supported by two other lines of investigation. First, it has become apparent that many cargos use alternative adaptors to AP-2 to facilitate their internalization. These include ␤-arrestin for G-protein-coupled receptors, numb, Dab and ARH (autosomal recessive hypercholesterolaemia) for cargo bearing FXNPXY (Phe-Xaa-AsnPro-Xaa-Tyr) motifs and AP180 possibly for SNAREs (soluble N-ethylmaleimide-sensitive fusion protein attachment protein receptor) (for a review see [24] ). Many of these other adaptors also interact with AP-2, but studies where AP-2 was ablated with RNAi (RNA interference) indicate that many cargos can be efficiently internalized in the absence of AP-2, and, importantly, coated pits can still form [25, 26] . This supports further the idea that, although AP-2 clearly has a major role in pit formation, it may be more cargo-specific than previously thought. This brings clathrin back centre-stage as a regulator, in addition to a structural component, of coated pits. Intriguingly, the concept of clathrin as a regulator is supported by studies from other research groups. For example, inducible expression of antisense RNA against clathrin heavy chain resulted in a reduction of clathrin heavy chain expression of only 10%, but caused an almost complete inhibition of transferrin endocytosis [27] . This appeared to be due to the generation of coated pits with long necks around which spirals of dynamin were wound. This indicated cross-talk between clathrin and dynamin. Clathrin also binds the Class II phosphoinositide 3-kinase C2␣ and stimulates its activity [28] . Since this enzyme localizes to coated pits, it appears to be involved in local generation of phosphoinositides necessary for coated pit formation.
